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ABSTRACT
Inter-annual variations in the diets of seabirds are often a reflection of resource availability with population dynamics and community structure implications. We investigated Magellanic penguin´s trophic niche during the pre-molt stage across six years from 2009 and 2013 to 2017 at Martillo Island, Beagle Channel, Argentina, using carbon and nitrogen stable isotope analysis of feathers. We found higher values in 2009 compared to the other years for both isotopes and estimated different proportions of prey in the diet of Magellanic penguins throughout the years. In 2009, penguins consumed mainly a mixture of benthic and benthopelagic fish, whereas from 2013 to 2017 the proportion of the pelagic form of squat lobster Munida gregaria, considered a key species in the Beagle Channel, increased over time and nearly dominated diets in 2017. Our results confirm that Magellanic penguins act as sentinels, reflecting shifts in the marine community of the Beagle Channel via inter-annual variation in their trophic niche and diet composition. 
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1. INTRODUCTION
Foraging plasticity is an important mechanism by which seabirds and other marine consumers are able to cope with environmental fluctuations as well as intrinsic life history constraints such as the energetic constraints of each breeding stage and molt (Cherel et al. 2014). Moreover, temporal variation in seabird diet and feeding ecology has the potential to affect population dynamics (e.g. foraging success, breeding productivity, and ultimately population size) (Frederiksen et al. 2006) and influence ecological community structure (Hyrenbach & Veit 2003). For example, 11 out of 18 penguin species are declining in their population sizes with climate and food web alteration identified as major drivers (Ropert-Coudert et al. 2019). Knowledge on the flexibility in the foraging behavior of penguins is thus important to support effective conservation strategies for each species. 
Biogeochemical markers, such as carbon (δ13C) and nitrogen (δ15N) stable isotope values are a common method used to investigate the trophic ecology of marine consumers. This is because δ13C and δ15N values act as measures of the scenopoetic (i.e. habitat) and bionomic (e.g. trophic) components of a consumer’s isotopic niche (Newsome et al. 2007). Isotopic niches have therefore been commonly used as a proxy for ecological niches of consumers (Newsome et al. 2007). In addition, stable isotope analysis also provides a powerful tool for assessing short and long-term temporal shifts in diet with specific tissue reflecting consumer diets during synthesis (Inger & Bearhop 2008).  For example, feather stable isotope values of penguins reflect diet and foraging ecology during the pre-molt feeding period leading up to and during feather synthesis (Cherel et al. 2005a). 
Molting represents a high physiological stress period during penguin’s breeding cycle where they fast and do not return to sea. This period is preceded by a period of intensive at sea feeding where penguins must obtain energy reserves to renew all their plumage (Adams & Brown 1990, Croxall 1982, Croxall & Davis 1999). If food availability is insufficient, the storage of energy reserves could be limited, thereby compromising individual’s survival during the molt period (Brown 1985, Cherel et al. 1994, Green et al. 2004, Morgenthaler et al. 2018). Thus, this stage is very critical in the penguins’ annual cycle. In Magellanic Penguins (Spheniscus magellanicus), this period takes place between end of February and beginning of March when penguins spend approximately fifteen days at sea (Boersma et al. 2013). 
The aim of this study was to investigate the feeding ecology of Magellanic penguins during the pre-molt stage across six years (2009 and 2013-2017) at Martillo Island, Beagle Channel, Argentina, using stable isotope analysis. Tierra del Fuego colonies represent the southernmost breeding range and are known to feed on key regulatory species of the food web in the Beagle Channel (e.g. Munida gregaria, Sprattus fuegensis) (Scioscia et al. 2014, Diez et al. 2016, 2018). Specifically, we compared isotopic niche width and stable isotope-based estimates of trophic position and diet composition using feathers samples. Magellanic penguins are a good model species to study resource availability in the marine environment in coastal Argentina as they forage in defined marine areas (Raya Rey et al. 2010, Rosciano et al. 2018) and return frequently ashore to breed and molt (Boersma et al. 2013). In addition, Magellanic penguins are flexible in the use of resources according to temporal and spatial variations in prey availability (Thompson 1993, Pütz et al. 2001, Clausen & Pütz 2002, Scioscia et al. 2014). 
Therefore, we hypothesized that Magellanic penguins can reveal shifts in the marine ecological community via inter-annual variation in their trophic niche and dietary preferences. Knowledge on the foraging plasticity of this species may help to support effective conservation strategies for the integrity of this environment.
2. MATERIALS & METHODS
2.1. Study area and sample collection
We studied individual Magellanic penguins from Martillo Island colony (54° 54.5 'S, 67° 23'W), Tierra del Fuego, Argentina. This hammer-shaped island is part of a group of small islands located in the eastern sector of the Beagle Channel. The colony holds ca. 4900 active nests to date (A. Raya Rey unpubl. data). Our study location within the Beagle Channel benefits from previous studies that have quantified spatial variability is baseline stable isotope values (Cardona Garzón et al. 2016, Barrera et al. 2017, Riccialdelli et al. 2018). For example, within the Beagle Channel, 15N values show little spatial variability (range from 8‰ to 7‰ in 15NPOM, Cardona Garzón et al. 2016) while higher variability is found in 13CPOM values (range from -24.5‰ to 20.9‰, Barrera et al 2017). Towards the eastern open waters, south of Staten Island and influenced by the Cape Horn Current, mean 15NPOM values drop to almost 1‰ and 13CPOM to mean values of -27.0‰ (Lara et al. 2010, Cardona Garzón et al. 2016, Barrera et al. 2017, Riccialdelli et al. 2018).
Stable isotope values in body feathers of penguins reflect diet and foraging ecology during the pre-molt feeding period (Marques et al. 2018, Silva et al. 2014). We collected body feathers from breeding adult male and female Magellanic penguins during the breeding period in six years which represented the pre-molt period (February-March) of the following years: 2009 (n = 32, unknown sex), 2013 (n = 5 males and 5 females), 2014 (n = 4 males and 4 females), 2015 (n = 20 males and 23 females), 2016 (n = 11 males and 10 females), 2017 (n = 11 males and 13 females). Sex was assigned using morphometric characters (width and length of the beak, Gandini et al. 1992).
2.2. Stable isotope analysis
We removed surface contaminants by washing all feathers (two per penguin, Brasso et al. 2013) with distilled water. Lipids and surface oils were removed by repeated rinsing with a 2:1 chloroform:methanol solution for 12 h. Feathers were then rinsed with distilled water  and left to dry for 12 h. The calamus and rachis were removed, and feathers distal region were cut into very small pieces. The distal region of the feather stable isotope values of penguins reflect diets and foraging ecology during the pre-molt feeding period (Cherel et al. 2005a). Homogenized feather pieces were weighed (0.600mg ± .025 mg) into tin cups, flash-combusted (Costech ECS 4010 elemental analyzers) and analyzed for carbon (δ13C) and nitrogen (δ15N) stable isotope values via an interfaced Delta XP continuous-flow stable isotope ratio mass spectrometer at Louisiana State University. USGS 40 and USGS 41 glutamic acid reference materials were used to normalize sample values. Sample precision based on repeated sample and reference material was 0.1‰ for both δ13C and δ15N. Stable isotope values are expressed in δ notation in per mil units (‰), according to the following equation:
δX = [(Rsample/Rstandard) – 1] 
where X represents either δ13C and δ15N and R the ratio between 15N/13N or 13C/12C.  Rstandard for δ15N was based on atmospheric N2 while for δ13C was based on Pee Dee Belemnite (PDB). Since penguins´ samples were collected from 2009 and 2013 to 2017, we applied a correction factor of -0.022‰ year-1 to all carbon stable isotope sample values to account for the Suess effect (Francey et al. 1999, Idermühle et al. 1999).
2.3. Isotopic niche analyses
We tested for differences in feather δ13C and δ15N values across years using separate generalized least square models (GLS) (the groups are non-equilibrated and the variance is not homogenous) in R software ver. 3.5.3 (R Core Team 2018) with varIdent variance function (nlme package; Pinheiro et al. 2015). Then, we conducted a posteriori Games-Howell test for multiple comparisons between years. We then visualized isotopic niche overlap based on δ13C and δ15N values using standardized ellipse areas corrected for small sample size (SEAC). In addition, we used a Bayesian formulation of standard ellipse area (SEAB) to calculate the probability that isotopic niche widths differed across years using Stable Isotope Bayesian Ellipses in R (SIBER, Jackson et al. 2011). The SEAB method allows for robust comparisons between groups with unbalanced sample sizes, though at small samples sizes (n < 10) there is some sensitivity that may result in a slight underestimation of the population isotopic area (Jackson et al. 2011). In one of the six years, examined, samples sizes were below this threshold (2014, n=8), such that isotopic niche widths estimated in this year can be thought of as a likely minimum value.
2.4. Mixing model analyses
We used a Bayesian stable isotope mixing model to compare the diet composition of Magellanic penguin at Martillo Island among years (MixSiar in R, Stock et al. 2018). Based on previous information on Magellanic penguins´ stomach contents analysis at Martillo Island (Scioscia et al. 2014), and considering that we lack a systematic sampling of prey, we selected published and unpublished stable isotope data of potential prey. All food items selected were sampled in the Beagle Channel during early autumn (March) and cover the time period over which the penguins fed.
We combined prey species used in the mixing model into three statistically and ecologically relevant prey groups to reduce model uncertainty and to aid in interpretation: 1) pelagic form of squat lobster Munida gregaria (mean value of samples from 2014 and 2016 by  L. Riccialdelli unpubl. data), 2) a mixture of benthic form of squat lobster M. gregaria (mean value of samples from 2009 by Riccialdelli et al. 2017a) and the fuegian sprat Sprattus fuegensis (mean value of samples from 2013 by L. Riccialdelli unpubl. data), and 3) a mixture of benthic and benthopelagic fish (Harpagifer bispinis, Australychus depressiceps, Eleginops maclovinus, Patagonotothen tessellata) (mean value of samples from 2009 and 2010 by Riccialdelli et al. 2017a). As the years in which prey group stable isotope values were available were not fully comprehensive with the years in which penguin feathers were collected, the use of these prey values have the potential to impart added uncertainty in our resulting model predictions. However, prior studies in the Beagle Channel suggest a general pattern of interannual consistency in these prey group’s stable isotope values, both within and between groups (Perez Barros et al. 2010, Riccialdelli et al. 2017, L. Riccialdelli unpubl. data). In addition, as prey samples were collected from 2009 to 2016 (see Table S1), we applied the same correction factor used to normalize penguin samples to account for the Suess effect (Francey et al. 1999, Idermühle et al. 1999) and further reduce the potential for temporal biases in mixing model results.
The relationship between δ13C and δ15N isotopic composition of a consumer and its food is referred to as a trophic discrimination factor (TDF) (Hobson et al. 1996, Cherel 2005b). To determine an appropriate trophic discrimination factor we ran four models with different TDF’s: A) a mean TDF value of 3.8 ± 1.6 ‰ for δ15N and 1.6 ± 1.5 ‰ for δ13C from studies based on different penguin species (Marques et al. 2018); B) a generic TDF value of 3.4 ± 0.5 ‰ for δ15N and 1.0 ± 0.5 ‰ for δ13C for marine species (Post 2002); C) a mean TDF value of 4.06 ± 1.12 ‰ for δ15N and 2.1 ± 1.2 ‰ for δ13C using the package Stable Isotope Discrimination Estimation in R (SIDER). This package uses a Bayesian linear modelling approach to predict a species TDF value based on their physiology, phylo-genetic relationship, and experimental variation from published literature (Healy et al. 2018); D) a mean TDF value of 3.2 ±1.2 ‰ for δ15N and 1.5 ± 2.0 ‰ for δ13C estimated for the Beagle Channel food web (Riccialdelli et al. 2017a) as the mean isotopic difference between the primary consumers and their respective major organic sources. To select the best model, we used a Monte Carlo simulation of stable isotope mixing polygons (Smith et al. 2013).  Finally, we modelled the contribution of each food source to the synthesis of Magellanic penguin feathers using the TDF that best fitted these simulated stable isotope mixing polygons. We ran the model over three Markov Chain Monte Carlo chains of 3,000,000 iterations and discarded the first 1,500,000. We used a prior of 25% for pelagic M. gregaria, 25% benthic M. gregaria and S. fuegensis and 3% for benthic and benthopelagic fishes, based on prior information of diet composition data on Magellanic penguins from Martillo Island (Scioscia et al. 2014).
TDF values from Riccialdelli et al. (2017a) were chosen as the most appropriate because they had the greatest number of consumer points within the confidence intervals of the mixing polygon created by prey source groups (Figure S1). 
2.5. Trophic position estimates
To complement the above mixing model analysis, we calculated the trophic position (TP) of Magellanic penguins to evaluate inter-annual variation using the δ15N TDF selected via the approach described above. For 2009, we used the mean (±SD) δ15N value of mussels (Mytilus chilensis) (12.0 ± 0.7‰, sampled from the Beagle Channel, Riccialdelli et al. 2017a) as a baseline δ15N value for the food web because their tissues integrate seasonal variability of primary producers (e.g., phytoplankton, Cabana & Rasmussen 1996). We assumed they were completely herbivorous and occupied a TP=2. We also collected mussels (n=10) at the intertidal zone of Martillo Island, which lies within Beagle Channel, in 2016 with mean (±SD) δ15N value of 12.2 ± 0.3‰. We tested for differences in mussel’s δ13C and δ15N value between years (2009 vs. 2016) using GLS and a posteriori Games-Howell test. δ15N values did not differ between years (F1,26 = 1.1, p = 0.31), while the difference observed between δ13C values (2009 = -18.7 ± 0.8‰, 2016 = -17.1 ± 0.4‰; F1,26 = 57.5, p < 0.001) was within the variability expected for the Beagle Channel (see introduction Barrera et al. 2017, Riccialdelli et al. 2018). According to these results and considering that penguins move around within this marine area to feed, we used samples from 2016 as a proxy for the years 2013, 2014, 2015 and 2017 when parametrizing δ15N values and the associated TDF.
Therefore, we estimated trophic position (TP) for Magellanic penguins using the equation proposed by Hobson and Welch (1992): TPi = [(δ15Ni - δ15Nbaseline)/TDF]+ TPbaseline, where the TPi and δ15Ni is the trophic position and the nitrogen isotope composition, respectively, of each individual penguin, δ15Nbaseline and TPbaseline are the mean nitrogen isotope composition and the trophic position, respectively, of the organism selected as baseline for each year, i.e. M. chilensis. We examined the differences in the TPs between years using GLS and a posteriori Games-Howell test.
We considered a significance to occur at p< 0.05, and all means are presented ± standard deviation (SD).
3. RESULTS
3.1. Isotopic niche
We found significant differences in mean δ13C and δ15N values of Magellanic penguin feathers among years (F5, 132 = 157.26, p < 0.001; F5, 132 = 180.05, p < 0.001, respectively). 2009 was characterized by consistently higher δ13C values (ca. −17.1 to −16.5‰) than the other years (ca. −18.7 to −17.1‰), as well as consistently higher δ15N values (ca. 17.2 to 18.6‰) than the other years (ca. 14.8 to 17.0 ‰) (Table 1). SEAC showed a large segregation in isotopic niche space between 2009 and the rest of the years (2013 to 2017) (0% overlap, Figure 1). Also, we found no overlap in the isotopic niche between 2013 vs 2014, 2014 vs 2016 and 2015 vs 2016 (0% in all comparison, Figure 1). On the other hand, 2017 showed different percentages of overlap with 2013, 2014, 2015 and 2016 (14%, 1%, 1%, 29%, respectively, (Figure 1). SEAB identified different niche width sizes among years, with 2013, 2014, 2016 and 2017 having the broadest niches whilst 2009 and 2015 had the narrowest (Figure 2, Table S2).
3.2. Mixing models and trophic positions
The mixing model showed an increase in the proportion of the pelagic Munida gregaria in the Magellanic penguin’s diet across the years (Figure 3, Table 2). In 2009, penguins’ diet was mainly benthopelagic fish, whereas from 2013 to 2015 an almost equal proportion of S. fuegensis and pelagic M. gregaria was found (Table 2, Figure 4). However, the proportion of the pelagic M. gregaria dominated in 2016 and 2017 (Table 2, Figure 4). 
The estimated trophic position of Magellanic penguins differed significantly between years (F = 232.21, p < 0.001) and the largest difference occurred between 2009 and the other years (Figure 5), when Magellanic penguins occupied a TP of 3.85 ± 0.09 in 2009 while the other years (2013-2017) showed significantly lower TPs (2013 = 3.09 ± 0.11; 2014 = 3.24 ± 0.07; 2015 = 3.17 ± 0.10; 2016 = 3.17 ± 0.14; 2017 = 3.20 ± 0.18).
4. DISCUSSION
Penguins are considered marine sentinels that reflect changes in ocean conditions (Boersma et al. 2009). We examined the isotopic niche of Magellanic penguin during the pre-molt stage in the Beagle Channel across six years (2009 and 2013-2017). We found a large difference in the isotopic niche of penguins in 2009 in comparison with the period between 2013 and 2017. The shift recorded in the isotopic niche space could be the result of three different scenarios: 1) a change in stable isotope baseline values over time (years) (e.g., Quillfeldt et al. 2015), 2) a change in foraging grounds (e.g., Best & Shell 1996), or 3) a change in diet (e.g. type of prey consumed and/or proportion of prey consumed) (e.g., Haro et al. 2016).
Regarding the first scenario (change of baseline values), the difference in stable isotope values recorded in Magellanic penguins (2009 vs 2013-2017: ~-1‰ for 13C and ~-1.9‰ for 15N) are unlikely to be associated with a substantial change in stable isotope values at the base of the food web over time for two reasons. Firstly, we found no significant difference in the 15N values of Mytilus chilensis (used as a baseline δ15N value for the food web) between 2009 and 2016 and the differences found in the 13C values responded to the variability expected for the Beagle Channel (Barrera et al. 2017, Riccialdelli et al. 2018). Secondly, we accounted for the Suess effect in the 13C values measured in our study and found significant changes in 13C values of penguins larger than predictable environmental change. In the second scenario (change of foraging grounds), other feeding grounds are possible for Magellanic penguins, such as the Atlantic coast of Tierra del Fuego or more oceanic waters. Taking into account previous studies, where travel speeds of ~30 km/day during their winter dispersal were reported (Pütz et al 2007), two weeks are long enough to leave the Beagle Channel. However, the Beagle Channel behaves as a semi-enclosed water body, with a peak of primary productivity during spring season dominated by large diatoms (Almandóz et al. 2009). This peak of phytoplankton is followed by an abundant zooplankton assemblage that shows no geographical variability (Aguirre et al. 2012) and on which Magellanic penguin`s main prey species feed (e.g., pelagic form of Munida gregaria and Sprattus fuegensis). In addition, this scenario remains unlikely because stable isotope values found in 2009 for penguins do not entirely correlate with the environment of the Atlantic coast (with higher 13C and lower 15N baseline values than the Beagle channel, Riccialdelli et al. 2018) nor the oceanic food web (with very low 13C and 15N baseline values in polar waters) (Lara et al. 2010l, Barrera et al. 2017, Riccialdelli et al. 2017a, b, 2018). Instead as proposed by the third scenario (change of diet), the differences in penguin stable isotope values over time were more likely due to a change in diet composition, specifically varying proportions of main prey items as suggested by the results of our mixing model analyses.
Magellanic penguins are opportunistic foragers, depending on the season and prey species abundance and availability in the region (Thompson 1993, Frere 1996, Scolaro et al. 1999, Pütz et al. 2001, Clausen & Pütz 2002, Forero et al. 2002, Wilson et al. 2005, Scioscia et al. 2014). On the other hand, an expansion in the distribution and abundance of pelagic swarms of Munida gregaria was reported for the southern tip of South America (Diez et al. 2016). Particularly in the Beagle Channel, a remarkable expansion of pelagic M. gregaria was recorded from 2009 to 2014, a scenario that was consistent along the entire Patagonian coastline (Diez et al. 2016). Consequently, our results support the hypothesis that Magellanic penguins have notably increased their consumption of M. gregaria over the study period. 
In this context, the third scenario (change of diet) could be related to a) 2009 as an anomalous year where penguins switched their diet given the probable scarcity of their preferred prey, Sprattus fuegensis and pelagic M. gregaria, or b) 2009 as a normal year and the change in diet in recent years related to a greater availability of the pelagic form of M. gregaria. Similar shifts in dietary composition with resource availability have been observed in other penguin species. For example, Waluda et al. (2012) found that benthopelagic fish and amphipods predominated the diet of Macaroni penguins (Eudyptes chrysolophus) at South Georgia during a period of reduced availability of Antarctic krill (Euphausia superba).
For the 2013 to 2017 period, we found an increase in the proportion of M. gregaria relative to S. fuegensis in the diet of penguins, which mirrors the observed increase in abundance and occupancy of this prey item in the Beagle Channel throughout the years (Diez et al. 2016). Also, a greater contribution of pelagic M. gregraria to the penguins' diet could explain wider isotopic niches and wider variance observed in recent years, based on two observations. Firstly, despite Magellanic penguins’ increased consumption of pelagic M. gregaria, they also maintain consumption of other prey items (e.g. pelagic and benthopelagic fish).  With markedly different stable isotope values originating from pelagic or benthic prey pathways, the consumption of a mixed diet from different foraging habitats will result in assimilated 13C values with higher uncertainty in penguins. Additionally, these prey items occupy different trophic positions, therefore impacting 15N values, and wider isotopic variance in both isotopes (Bearhop et al. 2004). Secondly, pelagic M. gregaria feed on pelagic components (e.g. phytoplankton and zooplankton) which are known to have higher isotopic variability (Cabana & Rassmusen 1996) and reflect baseline isotopic variance over a shorter time period compared to long-lived prey such as benthopelagic fish. Finally, the trophic position of Magellanic penguins from 2009 to 2013-2017 was found to decrease by almost one trophic level from tertiary to secondary consumers. If the trend of increased consumption of M. gregaria indicated by the mixing model persists, an even lower trophic level may be recorded for Magellanic penguins in the future.
M. gregaria, S. fuegensis and benthopelagic fish constitute a highly energetic food source (7.5 kJ/g, Scioscia et al. 2014; 7.15 kJ/g, Ciancio et al. 2007; <6.0 kJ/g, Fernandez et al. 2009; respectively, values based on wet weight of whole individuals) for penguins. Although these prey items have similar energetic values, M. gregaria may have lower digestibility, and be determinant during the chick-rearing period. It is suggested that chicks grow at a reduced rate of growth with a diet based on this prey item (Thompson 1993). Nevertheless, this change in diet composition during the pre-molt period of adults does not appear to have, so far, affected penguin population parameters. For example, population size has remained  stable over the study years (Raya Rey et al. 2014, G Scioscia unpubl. data). Furthermore, no mortality due to starvation was recorded for the species as was reported for other species when food scarcity was found in the critical pre-molt period (Morgenthaler et al. 2018).
Changes in prey distribution and availability might explain the variability in the diet of generalist predators (Furness and Tasker 2000). Evidence of main prey item switching in Magellanic penguins, at least during the pre-molt period, may be a consequence of increased availability of energy-rich prey species that became more abundant (i.e. M. gregaria) or the absence of other preferred prey species (i.e. S. fuegensis or benthopelagic fish, Scioscia et al. 2014). We cannot account for the exact reason of this prey switching, and we also do not know if this change in diet provoked a reduction in the trophic chain length. This, in turn, may have knock-on effects on other trophic relationships within the Beagle Channel food web (Dunne 2005). 
In future analyses it would be beneficial to estimate the trophic position of Magellanic penguins using compound-specific stable isotope analysis (CSIA) of amino acids (AA). Prior studies that used this technique on penguin’s feathers samples have found that essential AA δ13C values and source AA δ15N values showed minimal trophic fractionation between diet and consumer, providing independent proxies for primary producers and nitrogen sources, respectively, at the base of food webs supporting penguins (Lorrain et al. 2009, McMahon et al. 2015). Amino Acid CSIA would eliminate the need for a baseline to estimate the trophic position from different years. Similarly, future mixing model analyses would benefit from comprehensive and concurrent consumer sampling to reduce the potential for interannual variation in stable isotope values to add uncertainty to model predictions. In addition, seasonal variation in oceanographic conditions can lead to variation in prey stable isotope values that can exceed variability due to spatial differences (Quillfeldt et al. 2015). Therefore, similar to our study, researchers should also seek to minimize these sources of error by selecting prey source stable isotope values reflective of the spatial extent of consumers’ foraging range and the seasonal time period reflective of isotopic incorporation into consumers’ tissues. Finally, it is important to continue the monitoring of the Beagle Channel ecosystem through the collection of penguin feathers (as bio-indicators of ecosystem health and temporal parameters) and prey sampling to further understand the mechanisms linking fluctuations in prey availability to penguin trophic position and population demography. 
5. CONCLUSION
This study demonstrates that Magellanic penguins reveal shifts in the ecological community via inter-annual variation in their trophic niche and diet composition and thus make them informative marine sentinels (Boersma 2008). The M. gregaria and the S. fuegensis are considered to be key prey species for seabirds and marine mammals in the Beagle Channel (Scioscia et al. 2014, Riccialdelli et al. 2017a, Diez et al. 2018). These results aid our understanding between Magellanic penguins and their prey, central for projecting how this species may respond to future environmental change. This study also may have implications for the Beagle Channel ecosystem integrity as changes in food web structure could affect its stability and resilience (Dunne 2005). 
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TABLES 
Table 1: Carbon (δ13C) and nitrogen (δ15N) stable isotope values of feathers for Magellanic penguins across six seasons from 2009 and (2013 to 2017). Different letters indicate significant differences within years after a posteriori Games-Howell test (p< 0.05).
Year 	n	                  δ13C (‰) Mean ± SD       Range 	                        δ15N (‰)Mean ± SD       Range
2009 	32	-16.8 ± 0.1 a 	-17.1 to -16.5 	17.8 ± 0.1 a 	17.2 to 18.6 
2013 	10	-17.8 ± 0.1 b 	-18.2 to -17.4 	15.6 ± 0.1 b 	15.2 to 16.3 
2014 	8	-17.6 ± 0.1 b 	-18.0 to -17.4 	16.1 ± 0.1 b 	15.9 to 16.6 
2015 	43	-17.7 ± 0.1 b 	-18.0 to -17.1 	15.9 ± 0.1 b 	15.1 to 16.7 
2016 	21	-18.0 ± 0.1 b 	-18.3 to -17.6 	15.9 ± 0.2 b 	15.1 to 17.0 
2017 	24	-18.0 ± 0.1 b 	-18.7 to -17.3 	16.0 ± 0.3 b 	14.8 to 17.0 



Table 2. Results of MixSIAR Bayesian isotope mixing model showing the mean (95% credibility intervals) diet proportion of prey consumed by adult Magellanic penguins at Martillo Island during the pre-molt stage from 2009 to 2017. Benthopelagic fish include: Harpagifer bispinis, Australychus depressiceps, Eleginops maclovinus, Patagonotothen tessellata.
Prey sources 	Diet proportions
	2009	2013	2014	2015	2016	2017
Pelagic M. gregaria	0.4 (0.3-0.5)	0.5 (0.4-0.7)	0.5 (0.3-0.6)	0.5 (0.3-0.6)	0.6 (0.4-0.7)	0.7 (0.5-0.9)
S. fuegensis+ Benthic M. gregaria	0.1(0.0-0.2)	0.5(0.3-0.6)	0.4 (0.3-0.6)	0.5(0.4-0.6)	0.4(0.2-0.5)	0.1(0.0-0.3)
Benthopelagic fish	0.5(0.4-0.6)	0.0(0.0-0.1)	0.1(0.0-0.2)	0.0(0.0-0.1)	0.1(0.0-0.2)	0.2(0.0-0.3)









FIGURES
Figure 1. Standard ellipses corrected for small sample size (SEAC) estimated from δ13C and δ15N values of feathers of adult Magellanic penguins at Martillo Island from 2009 and 2013 to 2017.

Figure 2. Bayesian standard ellipse area (SEAB, presented in ‰2) for adult Magellanic penguins at Martillo Island during the pre-molt period from 2009 and 2013 to 2017. Black dots correspond to the mean SEAB for each year, shaded boxes represent the 50%, 75%, and 95% credible intervals from dark to light gray.


Figure 3. Isospace plot based on δ13C and δ15N values of adult Magellanic penguins at Martillo Island during the pre-molt stage from 2009 and 2013 to 2017 and of their prey sources (average ± SD; pelagic, mixture of benthic Munida gregaria and Sprattus fuegensis and benthopelagic fish (which include Harpagifer bispinis, Australychus depressiceps, Eleginops maclovinus, Patagonotothen tessellata). Prey stable isotope values are corrected by the best fitted trophic discrimination factors (Riccialdelli et al. 2017a).

Figure 4. Density plot of the Bayesian stable isotope mixing model showing the diet proportion of prey consumed by adult Magellanic penguins at Martillo Island during the pre-molt stage from 2009 and 2013 to 2017. Benthopelagic fish include: Harpagifer bispinis, Australychus depressiceps, Eleginops maclovinus, Patagonotothen tessellata.

Figure 5. Trophic position of adult Magellanic penguins at Martillo Island during the pre-molt stage from 2009 and 2013 to 2017. The boxes span the first to the third quartile, the intersected crossbar represents the median, whiskers indicate non-outlier range, and open circles represent outliers. Different letters indicate significant differences between years after a posteriori Games-Howell test (p< 0.05).


 SUPPLEMENTARY MATERIALS
Table S1. Carbon (δ13C) and nitrogen (δ15N) stable isotope values of possible item food of Magellanic penguins sampled at the Beagle Channel in different years. δ13C values are presented with the Suess correction. 
Prey	Year	n	δ13C (‰)Mean ± SD	δ15N (‰)Mean ± SD	Reference
Pelagic Munida gregaria	2014/2016	7	-19.3 ± 0.9	9.7 ± 1.0	L. Riccialdelli unpubl. data
Benthic Munida gregaria	2009	18	-16.6 ± 0.4	14.1 ± 0.7	Riccialdelli et al. 2017a
Sprattus fuegensis	2013	15	-16.1 ± 0.5	13.3 ± 0.8	L. Riccialdelli unpubl. data
Harpagifer bispinis	2009/2010	22	-15.2 ± 0.7	17.3 ± 1.0	Riccialdelli et al. 2017a
Australychus depressiceps	2009/2010	10	-14.6 ± 0.4	18.4 ± 1.7	Riccialdelli et al. 2017a
Eleginops maclovinus	2010	20	-15.7 ± 0.7	16.4 ± 0.4	Riccialdelli et al. 2017a
Patagonotothen tessellata	2009	1	-14.4 	19.6 	Riccialdelli et al. 2017a







Table S2. Differences in the isotopic niche widths of adult Magellanic penguins at Martillo Island during the pre-molt stage from 2009 and 2013 to 2017. Shown as the probability of group A to be smaller than group B resulting from the proportion of 100000 posterior draws of the Bayesian standard ellipse area (SEAB). If the group A is smaller than the group B, the proportion is close to 1. For the opposite, the proportion is close to 0. If similar, the proportion is close to 0.5.
Group 			A 			
	Year 	2009	2013	2014	2015	2016 
	2009 	-	-	-	-	- 
B 	2013 	0.997 	-	-	-	- 
	2014 	0.996 	0.534 	-	-	- 
	2015 	0.444 	0.002 	0.002 	-	- 
	2016 	0.977 	0.171 	0.160 	0.987	- 
	2017 	0.999 	0.473 	0.436 	0.999	0.865 




Figure S1. Stable isotope mixing model polygons for Magellanic penguins relative to three different sources. Black dots: consumer stable isotope values. White crosses: average prey stable isotope values adjusted for trophic discrimination factor (TDF) values. Colored region represents the 95% confidence interval. Probability contours are at the 5% level. Mean (±SD) TDF values used were derived from a) Marques et al. 2018, b) Post 2002, c) SIDER (Healy et al. 2018) and d) Riccialdelli et al. 2017a.
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